Recently, natural fibers have become attractive materials to engineers, scientists, and researchers as an alternative reinforcement for biocomposites. In this study, polylactic acid/abutilon natural straw biocomposites with various abutilon straw weight fractions were prepared by melt blending. The differential scanning calorimetric (DSC) results showed a significant influence of the abutilon straw on the melting behavior of PLA, even at the low abutilon straw contents. The dynamic mechanical analysis demonstrated that the storage modulus, as well as tan delta of the biocomposites, increased when the abutilon straw content increases, which indicates better interaction between abutilon natural straw and PLA. The incorporation of abutilon straw into biocomposites provided favorable changes in rheology related to the matrix. SEM observation revealed good dispersion of the abutilon straw in PLA.
Introduction
In recent years, the requirement for environmentally friendly materials is increasing to reduce the consumption of fossil fuels and prevent global environmental concern [1, 2]. Natural reinforced composites are used widely replacing synthetic reinforced polymers, especially for industrial application such as the automotive, construction, and packaging industries [3, 4] . Investigations have also been carried out to produce composites from natural fiber using different types of matrices, such as polypropylene [5] , polyethylene [6] , epoxy [7] , and polyhydroxybutyrate [8] , which is capable of satisfying many engineering applications in terms of energy, strength, and absorption. PLA is a synthetic aliphatic polyester produced from renewable agriculture products such as sugarcane, sugar beet maize, and cassava. PLA is well known as a biodegradable and biocompatible polymer [9] . However, the brittleness, relatively high cost, and melt viscosity for further processing limited its further development for broad application [10, 11] . Several studies were carried out to investigate the possibility of PLA-reinforced natural fiber to improve biocomposite properties. It has been reported that different types of fiber such as hemp, flax, jute, bamboo, and kenaf as well as sisal were used, because of the abundant availability, low price, low density, and excellent mechanical properties [12] [13] [14] [15] . Most of these studies revealed that some properties like tensile and flexural strength were improved. Liu et al. [16] stated that the sizing of basalt fiber significantly increases tensile, impact, and strength bending of PLA. Also, the study conducted by Huda et al. [17] examined the PLA/recycle cellulose composite property by using extrusion and injection molding and stated that the filler (up to 30%) improved the rigidity without hindering the degree of crystallinity and thermal stability.
Nevertheless, the growing interest of natural composite materials and the applications of these composites are limited to the nonstructural field because of disadvantages such as poor compatibility with the matrix and relatively high moisture absorption [18, 19] . It has been known that natural fibers contain an amount of cellulose, hemicellulose, lignin, and pectin which make natural fibers susceptible to moisture absorption [20] . Many physical and chemical surface modifications have been employed to boost the compatibility between thermoplastic matrix and natural fibers to achieve high-performance natural fiber-reinforced biocomposites [21, 22] . Jandas et al. [23] investigated the treatment of banana fibers/PLA biocomposite fabricated by melt mixing and compression molding, and the result showed that the morphology analysis indicated a very significant improvement of surface wetting and adhesion properties.
In this study, the abutilon straw was selected as the reinforcement for PLA composites. Abutilon straws generated from agriculture residue considered as renewable resources are widely available in Sudan. These are being burned to eliminate deforestation and have never been utilized in building a new material application. Burning these materials further raises the issues related to global warming. The effect of added polylactic acid on morphology, thermal, dynamic mechanical, and rheological properties was investigated to take full advantage of abutilon straw as a new building material.
Materials and Methods
2.1. Materials. The polylactic acid (PLA, 4032D-grade) in pellet form used as a matrix resin was purchased from Unic Technology (Suzhou) Co., Ltd., China. Sodium hydroxide (NaOH) and acetone (≥99.5%) were supplied by Shanghai Yunli Economic and Trading Co., Ltd., China.
Straw
Collection and Treatment. The abutilon straws were collected from the University of Gezira farm, then washed with water to remove dust and impurities from the surface. Abutilon straws were crushed to a powder form (average diameter was 45 μm), then further washed with acetone to remove impurities and treated with NaOH. Finally, the treated straws were dried in an oven at 75°C for 72 hr.
Composite Preparation.
The pellets of the PLA matrix and abutilon straw powder were initially dried in a vacuum oven at a temperature of 70°C for 24 h to remove the water before processing through the extruder. Biocomposites with abutilon straw content from 1, 3, and 5% were mixed in a container using a high-speed mixer. The final mixtures were fed into a corotating twin-screw at 100 rpm at 180-190°C to obtain the granules. The injection molding was used to form blended samples into the standard test. The temperature of the injection molding was 180-190°C at the pressure of 1 MPa and the mold temperature about 40°C.
Characterizations.
The functional groups of PLA, straw, and PLA/straw were identified by Fourier transform infrared (FTIR) spectrometer (Nicolet 8700, USA) using powderpressed KBr disks in the wavenumber range from 4000 cm -1 to 400 cm -1 . Thermogravimetric analysis (TGA) was carried out under N 2 atmosphere using a TGA Q5000 IR (TA Instruments-Waters LLC, New Castle, DE, USA) and a sample weight of 3-5 grams with a heating rate of 15°C/min from 30°C to 450°C. Thermal characterization of the biocomposites was performed with DSC Q20 (TA Instruments-Waters LLC) (sample weight: 5-10 mg, temp: 30-250°C).
Dynamic mechanical analysis (DMA) was carried out using a DMA Q800 (TA Instruments-Waters). The dimension of the rectangular specimens was 60 × 7:5 × 2:5 mm tested by dual cantilever method. The measurements were determined at a frequency of 1 Hz and a strain rate of 0.1%, at temperature ranges from 40°C to 120°C with a heating rate of 4°C/min. Rheological properties of the blends and pure resins were measured using ARES-RFS (TA Instruments-Waters). The frequency range was set at 0.1∼100 Hz. Before the measurement, the samples were prepared using injection molding at 180°C. The fracture morphology of composites was observed using a scanning electron microscope (SEM) (HITACHI S-300N, Japan) with an acceleration voltage of (30 kV).
Results and Discussion
3.1. Fourier Transformed Infrared Spectroscopy. FTIR spectroscopy is a useful technique to determine the functional groups of abutilon straw and abutilon straw/PLA biocomposites. As shown in Figure 1 , the broad peaks at 3421 cm -1 and 602 cm -1 are associated with -OH functional groups in the abutilon straw sample. The absorbance peaks around 1049 cm -1 were attributed to the C-O group, the peak at 2925 cm -1 is related to the C-H group stretching in an aromatic methyl group of cellulose and hemicellulose, and the peak at 1629 cm -1 is associated with the C=C group attributed to aromatic skeletal vibration of lignin. The peak at 1737 cm -1 corresponds to the C=O group. The OH group peaks disappeared for the abutilon straw/PLA biocomposites, indicating that the PLA well-wrapped abutilon straw, which is attributed to good interaction adhesion.
DSC Analysis.
The melt-crystallization DSC curves of pure PLA and PLA/abutilon straw biocomposites at a cooling rate of 10°C/min are shown in Figure 2 . It was observed that the peak related to glass transition temperature (Tg) in PLA completely disappeared in DSC thermographs with the addition of abutilon straw. The disappearance of the Tg suggests that the amorphous phase of PLA was predominantly hydrolyzed and removed [24] . Moreover, the addition of abutilon straw into the PLA matrix has not significantly increased the melting temperature (Tm) value for PLA/abutilon straw biocomposites. The slight improvement in melting temperature might be due to the strong interaction adhesion between the abutilon straw and PLA polymer. Furthermore, the result suggested that the abutilon straw not only improves crystallization but also hinders the motion of the PLA matrix chain in the melting process.
3.3. Thermogravimetric Analysis. As shown in Figure 3 , the pure PLA underwent a one-stage degradation from 251°C 2
International Journal of Polymer Science and experienced the highest degradation rate at around 272°C. It produced more than 20% char residue at~500°C. As for the PLA/abutilon straw, the thermal degradation process started earlier compared with that of pure PLA and further decreased with increasing abutilon straw content that can be attributed to lower degradation temperature of abutilon straw.
3.4. Dynamic Mechanical Analysis. Dynamic mechanical behaviors of pure PLA and PLA/abutilon straw biocomposites were studied by using DMA. It was observed from Figure 4 (a) that storage modulus of PLA increased with the incorporation of abutilon straw. The better stress transfer explains the improvement of the storage modulus within abutilon straw-reinforced composites [25] . These results showed that the pure PLA had a modulus of 1475 MPa at 45°C. The storage modulus increased to 1585 MPa, 1782 MPa, and 1800 MPa for PLA/abutilon straw (99/1), PLA/abutilon straw (97/3), and PLA/abutilon straw (95/5), respectively. The improvement of the storage modulus is due to better interaction between the treated abutilon straw and the PLA matrix. tanδ can provide information about how good material can absorb energy. Figure 4(b) shows the tanδ of the pure PLA and PLA/abutilon straw biocomposites as a function of temperature. The tanδ height of biocomposites was reduced compared with pure or neat PLA and was further reduced with increasing abutilon straw content. The phenomenon indicates that the abutilon straw is highly compatible with the PLA matrix, which is attributed to less energy dissipation and greater restricted mobility at the interface [26] .
Rheological
Properties. Figure 5 shows the storage modulus (G′) and loss modulus (G″) of neat or pure PLA and PLA/abutilon straw biocomposites as a function of frequency at 180°C. The rheological properties of the PLA/abutilon straw biocomposites showed lower values to that of PLA. Processability of the composites is influenced by the addition of abutilon straw to the polymer melts. The storage modulus values of PLA/abutilon straw (97/3) except (95/5) biocomposites are higher than that of the pure matrix at all frequency ranges. This behavior can be explained by the fact that plenty of abutilon straw particles restrict deformation, which showed a reinforcing effect in PLA. The differences in storage modulus of the PLA/abutilon straw samples could be attributed to their differences in particle loading. The relation between frequency and tan delta (tan δ = G″/G′) was analyzed to see the behavior of PLA/abutilon straw biocomposites to lose energy to molecular rearrangements and internal friction. In this composite system, as shown in Figure 5 (c), tan delta (tanδ) decreased with the addition of abutilon straw, which is mainly due to the existence of International Journal of Polymer Science effective interaction between abutilon straw and the PLA matrix. Therefore, the viscoelastic energy dissipation in the composites was limited [27] . The melt rheological tests for the aged PLA and PLA composites also showed the evidence of differences in the flowing behavior depending on the abutilon straw content.
3.6. Composite Morphology Analysis. Well dispersion of straw and the interaction between straw and the PLA matrix played a vital role in determining the mechanical performance of final composites. The fractured surfaces of PLA composites were scanned by SEM. From Figure 6 (a), it can be seen that pure PLA showed a relatively smooth fractured surface. International Journal of Polymer Science Figure 6 (b)-6(d) shows a good abutilon straw dispersion in the PLA matrix and the abutilon straw particles were not agglomerated. Moreover, when the abutilon straw loading increased, the composite fracture surface was rugged and rough. Furthermore, the abutilon straw surface appears to be covered by a layer of the PLA polymer. This result indicates stronger adhesion between abutilon straw and the PLA matrix, as well as homogeneous dispersion of abutilon straw within the PLA matrix, was achieved, which allowed efficient stress transfer between abutilon straw and the polymer matrix.
Mechanical
Properties of the Composite. The effect of the incorporation of abutilon straw on the mechanical performance of the composites was also studied. The stress-strain curve of neat PLA and PLA/abutilon straw composites are shown in Figure 7(a) . The figure clearly shows that the tensile stress and elongation to break are higher for the composites compared to pure PLA. The addition of abutilon straw particles significantly increased the tensile strength and modulus of PLA, as shown in Figures 7(b) and 7(c), further enhanced with increasing abutilon straw ratio. For instance, the tensile strength was increased from 37:18 ± 1:2 MPa to 53:8 ± 2:4 MPa and the modulus from 0:429 ± 0:1 to 0:483 ± 0:15 GPa for the neat PLA to the composites with 5 wt.% straw content, respectively. The result indicated that the PLA could be successfully reinforced by straw.
Conclusions
Herein, we studied the PLA/abutilon natural straw biocomposites with 1%, 3%, and 5% abutilon straws. It was found that an increased content of abutilon straw in the PLA resulted in a decrease in the decomposition temperature, International Journal of Polymer Science indicating reduced thermal stability of the PLA. The tensile strength and modulus of the PLA/abutilon straw biocomposites increased with the increasing of abutilon straw content. Thus, the dispersion of straw in PLA, as well as the interaction between PLA and the straw, was improved. This result was supported by SEM analyses which proved good dispersion of the abutilon straw in the PLA. The DMA results revealed that the straw-reinforced biocomposites have higher storage modulus resulting in significantly improved stiffness and storage modulus, which further increased with increasing straw content. The direct relation between straw content and tan delta also proved the better interaction between abutilon natural straw and PLA. However, the rheological properties decreased with the abutilon straw addition, the most significant effect seen again with the further increasing straw content. This study might be further extended to see the effect of temperature on the rheological properties.
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